Resin bonding of zirconia ceramics cannot be done with the same methods of traditional ceramics because zirconia is a silica-free material. In recent years, many methods have been reported in the literature to provide the resin bonding of zirconia ceramics. The purpose of this in vitro study is to evaluate effects of different surface treatments and 10-metacryloxydecyl dihydrogen phosphate (MDP) monomer on shear bond strength between zirconia and resin cement. Methods: 120 zirconia specimens were treated as follows: Group I: sandblasting, group II: sandblasting + tribochemical silica coating + silane, group III: sandblasting + Nd:YAG (neodymium: yttrium-aluminum-garnet) laser. One specimen from each group was evaluated under scanning electron microscope (SEM). Specimens in each group were bonded either with conventional resin cement Variolink II or with a MDP containing resin cement Panavia F2.0. Subgroups of bonded specimens were stored in distilled water (37°C) for 24 hours or 14 days. Following water storage shear bond strength test was performed at a crosshead speed of 1 mm/ min in a universal test machine. Then statistical analyses were performed. Results: Highest shear bond strength values were observed in group II. No significant difference between group I and III was found when Panavia F2.0 resin cement was used. When Variolink II resin cement was used group III showed significantly higher bond strength than group I. In group I, Panavia F2.0 resin cement showed statistically higher shear bond strength than Variolink II resin cement. In group II no significant difference was found between resin cements. No significant difference was found between specimens stored in 37°C distilled water for 24 hours and 14 days. In group I surface irregularities with sharp edges and grooves were observed. In group II less roughened surface was observed with silica particles. In group III surface microcracks connecting each other were observed. Conclusion: Tribochemical silica coating is an effective method for achieving an acceptable bond between zirconia and resin cement. Use of a MDP monomer containing resin cement increases the bond strength of sandblasted zirconia.
Introduction
In recent years, zirconia ceramics have attracted great attention for use in oral rehabilitation. 1 Its properties, such as high mechanical strength, flexural resistance, and long term stability make zirconia ceramics ideal for esthetic crowns, bridges, and frameworks in the anterior and posterior region. 2 The mechanical properties of zirconia ceramics are considerably higher than other dental ceramics. 3 Its flexural strength is 900-1200 MPa, fracture toughness is 9-10 MPa, 4, 5 compressive strength is 2000 MPa 6 and young modulus is 210 GPa. 4, 5, 7 The high strength and fracture toughness of zirconia arise from the partially stabilized structure of zirconia. When a crack is formed, tensile stresses at the crack tip induce transformation of tetragonal zirconium oxide form in to the monoclinic form. As a result of this transformation a local volume increase is observed. This volume increase leads to compressive stresses around the crack tip which counteract the external tensile stresses at the crack tip. This physical property of zirconia is transformation toughening. 4 Although improved mechanical properties are important for the long-term performance of ceramic materials, the clinical success of the restoration also strongly depends on the cementation procedure. 3, 8 Zirconia restorations can be bonded to teeth structures by conventional cements and resin cements 9 however resin cements are more preferred because they have the advantages of marginal seal, good retention and improvement of fracture resistance of ceramic materials. 10 With certain resin bonding of ceramic Different Surface Treatment Methods and MDP Monomer on Zirconia Resin Cementation materials, fewer tooth tissues would be removed, more tooth structure would be preserved and more durable restorations would be performed with short clinic crowns.
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There is a common thought that conventional methods of adhesive cementation, which include prior acid etching of the ceramic surface with hydrofluoric acid and further silanation, are not efficient for zirconia ceramics, because zirconia do not include silica and glass phase in its structure. 3 Therefore in order to achieve an exceptional bonding between resin cements and zirconia surface, the bonding area of zirconia must be increased and an active surface must be produced. Sandblasting, tribochemical silica coating, acid etching, plasma spraying, low-fusing porcelain layers, application of a glaze layer, silane application, heat-induced maturation-selective etching techniques, and lasers have been evaluated on zirconia restorations as surface treatment methods. 12 Sandblasting with Al 2 O 3 particles is commonly used surface treatment method for achieving resin bonding of zirconia ceramics. The abrasive process of this method removes the contamination layers of the ceramic surface, increases the bonding area and improves flowing of resin cement to the ceramic surface. 13 This method also increases the surface energy and wettability but can weaken the ceramic by creating microcracks on the zirconia surface. However it has been shown that resin luting agents heal the minor surface flaws created by sandblasting and strengthen the ceramic.
14 To achieve a chemical bond between zirconia and silane agents silica coating techniques are developed. The most common used silica coating technique is tribochemical silica coating which can be used for coating of metal alloys, alumina and zirconia based ceramics with silica. In this technique silica coated alumina particles are driven in to zirconia surface under high pressure and silica is transferred on the ceramic surface. This results in both preparing the surface for silanation and creating micromechanical retention. 15 A new treatment protocol to modify zirconia surface and develop roughness is laser etching. Er,Cr:YSGG (erbium, chromium: yttrium-scandium-gallium-garnet), Er:YAG (erbium yttrium aliminum garnet), CO 2 (carbon dioxide) and Nd:Yag (neodymium yttrium aluminum garnet) lasers are used for roughening ceramic surfaces in studies. [16] [17] [18] [19] In recent years 10-metacryloxydecyl dihydrogen phosphate (MDP) monomer containing bonding agents are developed. 9, 20 MDP is an acidic phosphate monomer which is originally designed to bond to metal oxides and its use has been extended to zirconia.
14 It has affinity to metal oxides. Zirconia surface is easily covered with a passive oxide layer which makes zirconia similar to metals. Therefore it can be used for increasing bond strength between zirconia and resin cements. 8, 21 It has been stated in various studies that use of primers or resin cements containing MDP monomer following sandblasting increases the bond strength of zirconia. 22, 23 There are various studies comparing different surface treatments and bonding agents but the best method for achieving the bond between zirconia and resin cements is still indefinite. The purpose of this in vitro study was to evaluate the effects of different surface treatment methods and MDP monomer on shear bond strength between zirconia and two different resin cements after 24 hours and 14 days water storage. . The specimens were sintered at 1500°C for 8 hours in a high-temperature sintering furnace for zirconia (Zirkonofen 600/V2, Zirkonzahn, Bruneck, Italy). The final dimensions of the specimens were 10±0.4 mm x 5±0.4 mm x 2±0.3 mm following 20% volumetric shrinkage associated with the sintering. Each specimen was embedded in an autopolymerizing acrylic resin block (Meliodent; Heraeus Kulzer, Armonk, NY) and ground-finished with 600-800-1000-1200 grit silicon carbide abrasives (3M ESPE, St. Paul, MN) under running water on a polishing machine(Metkon Gripo 2V, Bursa, Turkey). All specimens were ultrasonically cleaned in distilled water for 15 minutes before application of surface treatments and then air dried. Specimens were divided into 3 groups according to the surface treatment performed: Group I: Specimens in this group were sandblasted with 50 µm Al 2 O 3 particles from a distance of 10 mm perpendicular to the specimen surface at a pressure of 2.5 bar for 15 seconds. Group II: Specimens in this group were sandblasted with 50 µm Al 2 O 3 particles with the same procedure in group I. Then specimens were tribochemical silica coated by using 30 μm Al 2 O 3 particles coated with silica (Cojet Sand; 3M ESPE AG, Seefeld, Germany). Tribochemical silica coating was performed from a distance of approximately 10 mm and at a pressure of 2.8 bar for 15 seconds. After silica coating a thin layer of silan coupling agent (Monobond S, Ivocalar Vivadent, Schaan, Liechtenstein) was applied to the surfaces of the specimens. Group III: Specimens in this group were sandblasted with 50 µm Al 2 O 3 particles with the same procedure in group I. Then specimens were coated with graphite and surface of the each specimen was laser irradiated with Nd:YAG laser (Fidelis Plus III Fotona, Ljublgana, Slovenia) by using 300 µm diameter optical fiber tip during 2 minutes. The energy intensity was set at 100 mJ. The output power was 2 W, the repetition rate was 20 Hz and pulse duration was 100 μs. No air or water cooling was used. Surface characteristics of one specimen in each group was evaluated under a scanning electron microscope (SEM) (JEOL JSM-5600 Scanning Electron Microscope, JEOL Ltd, Tokyo, Japan) with magnification of ×100, ×250, ×500, ×1000, ×2000 and ×5000. Before SEM evaluation specimens were gold sputter coated (Polaron SC 7610 Sputter coater, VG Microtech, East Sussex, England). After application of surface treatments each group was divided in to two subgroups depending on the luting system applied. Two resin cements were used as follows; MDP containing resin cement Panavia F2.0 (Kuraray, Osaka, Japan) and conventional resin cement Variolink II (Ivoclar, Vivadent AG, Schaan Liechtenstein). Adhesion procedures were performed according to the manufacturer's recommendations. Plexiglas tubes were placed in the center of the specimens and resin cements were filled in the tubes with the help of a hand instrument. Then resin cements were light cured from two opposite sides for 40 seconds (Blue Lex LD-105, Monitex Industrial CO, Taipei, Taiwan). Each resin cement group was divided in two subgroups of ten specimens and stored in in 37°C distilled water either for 24 hours or for 14 days. Following water storage shear bond strength test was performed at a crosshead speed of 1mm/min in a universal test machine (Lloyd-LRX; Lloyd Instruments, Fareham, UK). Data analysis was performed by using SPSS for Windows, version 11.5 (SPSS Inc., Chicago, IL, United States). Whether the distributions of continious variables were normally or not was determined by Kolmogorov Smirnov test. Levene test was used for the evaluation of homogenity of variances. Data were shown as median (IQR). While, the differences in median shear bond strength levels among surface treatments were compared by Kruskal Wallis test, otherwise, Mann-Whitney U test was applied for comparisons regarding for both resin cements and water storage times. When the p value from Kruskal Wallis test statistics are statistically significant Conover's non-parametric multiple comparison test was used to know which group differ from which others. A P value less than 0.5 was considered statistically significant. But, for all possible multiple comparisons, the Bonferroni Correction was applied for controlling type 1 error.
Methods
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Results
Two specimens in group I cemented with Variolink II resin cement was debonded during two weeks water storage and not incorporated in to statistical analyses. The mean shear bond strength values in MPa is summarized in Table 1 and Figure 1 . A significant difference between surface treatments was detected (P < .001). Shear bond strengths in group II were statistically higher than both group I and III. No significant difference between group I and III was found when Panavia F2.0 resin cement was used. When Variolink II resin cement was used group III showed significantly higher bond strengths than group I. In group I, Panavia F2.0 resin cement showed statistically higher shear bond strengths than Variolink II. In group II no significant difference was found between resin cements. In all groups water storage times did not showed statistically significant difference. SEM analyses showed that sandblasting caused surface irregularities with sharp edges and grooves (Figure 2 ). Tribochemical silica coating following sandblasting caused less roughened surface than sandblasting with rounded irregularities and silica particles were observed on the zir- 
Discussion
This study evaluated the effects of three different surface treatment methods and MDP monomer on shear bond strength of zirconia and two resin cements after 24 hours and 14 days water storage. According to the results of this study it can be said that surface treatment method is an effective factor on resin cementation of zirconia ceramics. Bond strength between two materials can be defined by different test methods. Most common test methods used to evaluate adhesive bonding between two materials are tensile, microtensile and shear bond strength tests. 24 Shear bond strength test has easy application procedure because no additional process is required once bonding procedure is completed. 25 But this test method has disadvantage of in-homogenous stress distribution. 24, 26 Microtensile test shows less standard deviation than shear test because small adhesive interface used in microtensile test contains less defects compared larger specimens used in shear test. 27 One limitation of this study is shear bond strength test was used because of easy application procedure. Sandblasting is the most preferred surface treatment method to modify surface of zirconia ceramics 14, 28 so sandblasting method was used as control group in this study. There are various studies reporting that sandblasting increases the bond strength between zirconia and resin cement. 29, 30 The increase of bond strength is due to increase in microroughness of sandblasted zirconia surface. 13 With a rougher surface, surface area, surface energy, surface wettability and flowing of resin cement in to microretention areas increases so a stronger micromechanical interlock can be achieved. 24 In this study tribochemical silica coating group showed higher shear bond strength values than sandblasting group in consistent with previous studies. [31] [32] [33] [34] Clinically acceptable bond strength is 10-13 MPa. 9, 35, 36 According to the results of this study tribochemical silica coating fol-lowing sandblasting is an effective method for resin cementation of zirconia ceramics. There are many disadvantages of existing silica coating methods like forming a too thick silica layer, non-homogenous silica layer or non-stable silica layer. 9 It is reported in studies including water aging and thermal cycles that, tribochemical silica coating with silanation increased the initial bond strength between zirconia and resin cement but in long time period a decrease in bond strength values was observed. 37 A study which evaluated long term bond strength between zirconia and resin cement after tribochemical silica coating showed that a stable bond was not achieved and this was explained with the fact that the silica particles was not strongly hanged on the zirconia surface. 38 Silica is probably deposited on the zirconia surface by physical forces such as Vander-Waals forces which are not stable enough in oral environment. 39 The results of Subaşı et al 1 and Akyıl et al 40 studies support this opinion. They reported that there was no significant difference between bond strength of tribochemical silica coated and sandblasted groups after thermal cycles and water storage. Surface treatments used for achieving micromechanical retention on the ceramic surface can affect the mechanical properties of ceramics. 13 Sandblasting zirconia surface causes phase transformation and can reduce fatigue strength of zirconia. 41 Özcan et al 42 found that sandblasting with 50 µm Al 2 O 3 decreased fracture strength and Weibull modulus of zirconia and caused increase in monoclinic phase. Tribochemical silica coating technique is based on a sandblasting procedure. In this technique zirconia surface is air abraded with 100 µm or 30 µm silica coated aluminium particles and silica is embedded on to the ceramic surface. 41 This procedure can decrease the fracture strength of zirconia, 43 however, there are studies reporting that sandblasting and tribochemical silica coating techniques strengthen zirconia ceramics. 37, [44] [45] [46] In previous studies evaluating bond strength between zirconia and resin cement it was observed that Nd:YAG laser treatment combined with sandblasting shows higher shear bond strength values than only Nd:YAG laser treatment 40, 43 so Nd:YAG laser treatment was applied following sandblasting in this study. Surface conditioning with Nd:YAG laser following sandblasting improved bond strength between zirconia and resin cement compared to only sandblasting when conventional resin cement Variolink II was used. However no significant difference was found between Nd:YAG laser treatment and sandblasting when MDP containing resin cement Panavia F2.0 was used. This result is not in agreement with Üşümez et al 47 who evaluated effect of Nd:YAG laser treatment on bond strength of zirconia and resin cement which contains MDP monomer in its application procedure. They found that Nd:YAG laser treatment increased bond strength compared to sandblasting. It can be explained by the higher laser power used in Üşümez et al study. Liu et al 2 reported that, it can be concluded that increasing the laser energy can improve bond strength between zirconia and resin cement but high laser energy can lead to surface defects and effect the mechanical properties of zirconia. 2 In this study surface of one specimen from each surface treatment group was evaluated under SEM. SEM analysis of sandblasted and tribochemical silica coated groups were in agreement with previous studies. 1, 13, 14, 21, 29, 30, 32, [48] [49] [50] Sandblasting caused surface irregularities with sharp edges and grooves. Tribochemical silica coating caused less roughened surface with rounded irregularities and silica particles were observed on the surface. Nd:YAG laser treatment following sandblasting did not increased surface roughness and caused microcracks on zirconia surface. Liu There is a reaction between phosphate ester monomers and zirconia. This reaction improves resin bonding of zirconia restorations. 9 Wegner and Kern 38 reported that MDP -a phosphate ester monomer -monomer obtains a durable and water resistant chemical bonding. In studies it is shown that using MDP monomer containing bonding agents increase the bond strength between sandblasted zirconia and resin cement.
14,52-57 So two resin cements were used in this study to evaluate efficiency of MDP monomer and obtained results in sandblasting group are agreement with pervious studies. Use of MDP monomer containing resin cement Panavia F2.0 increased the bond strength with sandblasting. However in the tribochemical silica coated groups use of Panavia F2.0 did not increase the bond strength. According to the results of this study it can be said that when tribochemical silica coating is used as surface treatment technique, use of a MDP monomer containing resin cement is an ineffective factor to improve resin bonding of zirconia so both adhesive and conventional resin cements can be used. In contrast Erdem et al 12 reported MDP monomer increased the bond strength of zirconia and resin cement. This can be explained additional sandblasting procedure was applied before tribochemical silica coating in this study and water storage time is longer in study of Erdem et al. Nothdurft et al 58 reported that when adhesive phosphate monomer containing resin cement was used, tribochemical silica coating after sandblasting did not provide increased bond strengths compared to sandblasting. In contrast, when conventional cement was used they found that tribochemical silica coating following sandblasting increased bond strength compared to only sandblasting. So they indicated that additive silica coating of sandblasted zirconia is not necessary with phosphate monomer containing resin cements. In this study application of tribochemical silica coating following sandblasting resulted higher bond strength values both with phosphate monomer containing resin cement and conventional resin cement than only sandblasting.
Restorations are subjected to repeated thermal stresses and mechanical fatigue due to masticatory forces. 35 Artificial aging is an important factor to predict intraoral bond strengths. 24 One limitation of this study is no thermal cyclic or mechanic fatigue was performed. Specimens were stored in water during 24 hours and 14 days. In studies it is reported that bond strengths generally decreased after aging. 23, 52, 59 In this study no significant difference was observed between water storage times. Water storage times in this study might be too short to allow water saturation of luting cements. In the limitations of this study, it can be said that use of MDP containing resin cements increase the bond strength of sandblasted zirconia and tribochemical silica coating following sandblasting is an effective method for achieving resin bonding of zirconia ceramics. But long-term performance of tribochemical silica coating method is questionable. Studies including thermal cyclic and long period water storage are needed to observe more objective results. Still there is no consensus on resin bonding of zirconia ceramics. Further studies are needed.
